In Vivo Regulation of Somite Differentiation and Proliferation by Sonic Hedgehog  by Marcelle, Christophe et al.
Developmental Biology 214, 277–287 (1999)
Article ID dbio.1999.9389, available online at http://www.idealibrary.com onIn Vivo Regulation of Somite Differentiation
and Proliferation by Sonic Hedgehog
Christophe Marcelle,1 Sara Ahlgren, and Marianne Bronner-Fraser
Division of Biology, Beckman Institute 139-74, California Institute of Technology,
Pasadena, California 91125
In vertebrates, somite differentiation is mediated in part by Sonic Hedgehog (Shh), secreted by the notochord and the floor
plate. However, Shh-null mice display close to normal expression of molecular markers for dermomytome, myotome, and
sclerotome, indicating that Shh might not be required for their initial induction. In this paper, we have addressed the
capacity of Shh to regulate in vivo the expression of the somite differentiation markers Pax-1, MyoD, and Pax-3 after
separation of paraxial mesoderm from axial structures. We show that Pax-1, which is lost under these experimental
conditions, is rescued by Shh. In contrast, Shh maintains, but cannot induce MyoD expression, while Pax-3 expression is
independent of the presence of axial structures or Shh. Finally, we demonstrate that Shh is a potent mitogen for somitic
cells, supporting the idea that it may serve to expand subpopulations of cells within the somite. © 1999 Academic PressKey Words: Shh; somite; proliferation; BrdU; Pax-1; MyoD; Pax-3.
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Somites budding off from the rostral end of the segmental
plate display a columnar epithelial morphology. The ven-
trolateral portion of the somite subsequently disperses into
a mesenchyme, the sclerotome, which differentiates into
cartilage and bones of the vertebral column. The paired
box-containing transcription factors Pax-1 and Pax-9 have
been widely used as molecular markers for sclerotome. The
medial portion of the somite, directly apposing the inter-
mediate neural tube, contains precursors of the myotome,
which express the basic helix–loop–helix (bHLH) myogenic
factor MyoD in the chick and Myf-5 in the mouse. The
dorsal portion of the somite, the dermomyotome, retains a
columnar morphology and contains precursors for epaxial
muscle, hypaxial muscle, and dermis. Convenient molecu-
lar markers for the dermomyotomal compartment are the
paired box transcription factor Pax-3 and the bHLH factor
paraxis.
Numerous studies have explored the tissue and molecu-
lar interactions responsible for the maturation of the somite
into its various compartments, resulting in the emergence
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All rights of reproduction in any form reserved.f a consensual model for somite patterning. Early somites
re thought to depend upon both positive and negative
ignals from surrounding tissues for their differentiation.
ntriguingly, many molecules involved in regulating somite
atterning exhibit dual functions within the somite. For
xample, Wnt family members in the dorsal neural tube
timulate patterning of the nearby dermomyotome (Mar-
elle et al., 1997) while inhibiting ventral sclerotome dif-
ferentiation (Capdevila et al., 1998); BMP-4 in the lateral
late mesoderm induces the differentiation of the lateral
ortion of the somite while delaying myogenic differentia-
ion of the medial somite (Pourquie´ et al., 1996). Impor-
antly, combinations of signals may display patterning
ctivities that single signals do not possess; for instance,
yotome formation is thought to result from the combina-
orial activities of Sonic Hedgehog (Shh) and Wnt (Mu¨nster-
erg et al., 1995). In addition to inputs from surrounding
issues, the somites themselves produce secreted factors
ike Noggin that may modulate incoming signals to influ-
nce differentiation of the somitic compartments (Marcelle
t al., 1997; Hirsinger et al., 1997; Reshef et al., 1998).
In recent years, the role of Shh in somitogenesis has been
xtensively investigated. In vitro approaches have shown
hat Shh can induce the expression of the sclerotomal
arker Pax-1 (Fan and Tessier-Lavigne, 1994; Fan et al.,995; Mu¨nsterberg et al., 1995). Together with Wnts, Shh
as shown to induce the myotomal marker MyoD (Mu¨n-
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278 Marcelle, Ahlgren, and Bronner-Frasersterberg et al., 1995) and the dermomyotomal marker Pax-3
(Maroto et al., 1997). While these in vitro studies have
provided important insights into the role of Shh in somite
patterning, the requirement of various culture additives
(such as horse serum, chick embryonic extract, and FGF),
which might antagonize or synergize with Shh, complicates
interpretation of the results. In vivo, ectopic expression of
Shh was shown to activate Pax-1 and MyoD expression
(Johnson et al., 1994; Marcelle et al., 1997; Borycki et al.,
998), while inhibiting Pax-3 expression (Johnson et al.,
994). Because these experiments were performed in the
resence of notochord and neural tube, which have been
hown to secrete numerous patterning molecules, it re-
ains possible that some of the inductive effects attributed
o Shh could result from a combination of signals. The
ecent description of the mouse Shh knock-out (Chiang et
l., 1996) raises new questions about the role of Shh in
omite patterning, since these mice display close to normal,
ut transient, Pax-3, Pax-1, and Myf-5 expression. This
uggests that Shh may be involved in maintenance and
roliferation, rather than initial induction, of populations of
ommitted dermomyotomal, myotomal, and sclerotomal
ells.
In this paper, we have addressed the capacity of Shh to
ctivate the expression of molecular markers specific for
ifferent somitic compartments in the absence of axial
tructures. Shh-expressing cells were introduced into
araxial mesoderm of avian embryos that had been surgi-
ally separated from the neural tube and notochord. Using
ax-1, MyoD, and Pax-3 as markers for sclerotome, myo-
ome, and dermomyotome, respectively, we find that Shh
an rescue the expression of Pax-1, but not of MyoD. In
ddition, we demonstrate that Pax-3 expression is indepen-
ent of the presence of axial structures or Shh. We tested
he possible role of Shh in the proliferation of somitic cells,
sing ectopic expression and antibody-mediated inhibition
f Shh in vivo. The results show that Shh acts as a potent
itogen for somitic cells in the embryo, supporting the idea
hat it could serve to expand subpopulations of cells within
he somite.
MATERIALS AND METHODS
In situ hybridization. Antisense DIG-labeled RNA probes
were prepared as described (Nieto et al., 1996) and used for in situ
hybridization (Henrique et al., 1995). The probes used in this study
were a 938-bp quail Pax-3 clone (Stark et al., 1997) encompassing
838 bp of 39 coding sequences and 100 bp of 39 untranslated region,
a 1518-bp chick MyoD (Lin et al., 1989) corresponding to the entire
coding region, and a 1500-bp quail Pax-1 probe corresponding to the
entire coding region (Ebensperger et al., 1995).
Embryonic manipulation and transfilter cultures. Glass
needles were used to separate paraxial mesoderm from neural tube
and notochord in ovo. When operations were performed at the
somitic level, we placed an aluminum foil barrier between the axial
structures and the somites to prevent closure of the surgical
Copyright © 1999 by Academic Press. All rightincision; a barrier was unnecessary for those surgeries performed at
the segmental plate level.
For neural tube ablations, a few microliters of dispase was added
to the embryo during surgery to facilitate removal; the enzymatic
reaction was stopped by addition of fetal bovine serum followed by
a wash with Ringer’s buffer.
Line O primary chick fibroblasts transfected with a Shh retrovi-
ral construct were injected at various locations in the paraxial
mesoderm as described (Marcelle et al., 1997). Prior to injection, an
aliquot of Shh-producing cells was stained with an antibody against
the p27 viral protein to verify that all cells were infected. To
corroborate that cells were actively secreting Shh, a few Shh-
injected embryos in each experimental series were analyzed by in
situ hybridization for perturbation of Pax-1 expression. Nontrans-
fected line O fibroblasts served as controls; they had no effect on
the expression of Pax-1, MyoD, and Pax-3 or on somite cell
proliferation.
To perform transfilter culture experiments, embryos were iso-
lated from the egg and washed in Ringer’s buffer. To facilitate
penetration of the antibodies, the endoderm was removed with
tungsten needles. Embryos were then placed ventral side down on
30-mm-diameter Millicell-CM culture membranes (0.4 mm pore
size (Millipore)) placed in a six-well tissue culture plate and
cultured in 1 ml of neurobasal medium (Gibco-BRL) supplemented
with 2% of B27 (Gibco-BRL). Three hundred microliters of 10 times
concentrated hybridoma supernatant was added to the medium. To
concentrate hybridoma supernatant, we precipitated proteins with
ammonium sulfate overnight at 4°C. Proteins were pelleted and
resuspended in a small volume of PBS. This was dialyzed against
multiple changes of PBS, after which the concentrated antibody
was brought to a 10th of the original volume. Blocking anti-Shh
antibody supernatant (5E1; Ericson et al., 1996) was used to block
Shh activity; anti-quail antibody supernatant (QCPN) was used as
a control. Hybridoma cells were obtained from the Developmental
Studies Hybridoma Bank maintained by the Department of Phar-
macology and Molecular Sciences, The John Hopkins University
School of Medicine (Baltimore, MD 21205) and the Department of
Biology, University of Iowa (Iowa City, IA 52242), under contract
N01-HD-2-3144 from the NICHD. After 6 h at 37°C in a CO2
incubator, embryos were labeled with BrdU (5-bromo-29-
deoxyuridine) for 1 h by adding 200–300 ml of a 1022 M solution of
BrdU dissolved in Ringer’s buffer.
Whole-mount antibody staining of embryos. BrdU labeling in
ivo and antibody detection of labeled cells on sections were
erformed as described (Sechrist and Marcelle, 1996). Control and
xperimental embryos were exposed to 50–100 ml of a 1022 M
solution of BrdU dissolved in Ringer’s buffer for 1 h, after which
they were sacrificed and analyzed for BrdU uptake. For whole-
mount immunohistochemistry, embryos were fixed in 4% formal-
dehyde overnight at 4°C, washed in PBS/0.1% Tween (PBT),
dehydrated in 100% methanol, and kept at 220°C until analysis.
They were then rehydrated in PBT. To inactivate endogenous
peroxidases, embryos were incubated for 30 min in PBT/H2O2
(0.3%). All antibody preincubations, incubations, and washes were
done in PBS/2 mg/ml BSA/0.1% Triton/0.2% SDS. Preincubation
was for 2 h at room temperature; primary antibody incubation (30
ml/ml of anti BrdU monoclonal antibody, Beckton–Dickinson) was
done overnight at 4°C; washes were done for 7–8 h at room
temperature; incubation with the biotin-bound secondary anti-
body, postantibody washes, incubation with the horseradish per-
oxidase avidin, and subsequent washes were done following the
protocol described above. Detection of primary antibody was
s of reproduction in any form reserved.
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279Somite Differentiation by Sonic Hedgehogperformed using Vectastain reagents (biotinylated goat anti mouse
IgG and avidin-bound horseradish peroxidase) as recommended by
the manufacturer. 3,39-Diaminobenzidine tetrahydrochloride
(DAB, 0.05 mg/ml final concentration) was used as the substrate for
the horseradish peroxidase enzymatic reaction.
RESULTS
Axial Structures Are Required for Expression
of Pax-1 and MyoD, but Not Pax-3
As a first step in examining the role of Shh in somitogen-
esis, we determined whether paraxial mesoderm isolated
from sources of Shh are able to differentiate into scle-
rotome, myotome, and dermomyotome, as assayed by ex-
pression of Pax-1, MyoD, and Pax-3, respectively. The
paraxial mesoderm of stage 12–14 (Hamburger and Hamil-
ton, 1951) embryos was surgically separated from axial
structures in ovo. The surgery extended along two-thirds or
he entire segmental plate and the first four or five newly
ormed somites. At these stages, Pax-1 is not expressed in
he region of the incision; in stage 13 embryos, MyoD
xpression has initiated from the first somite rostral
Borycki et al., 1997). Pax-3 is expressed in the dorsal region
f all somites as well as in the rostral third of the segmental
late (our observation). In embryos examined 6 to 17 h
ollowing surgical separation, Pax-1 and MyoD (Figs. 1A,
B, and 3E) were absent from the paraxial mesoderm, but
ax-3 was unaffected (Figures 1A, 1C, 3G). Thus, using our
xperimental paradigm, we confirm that axial structures
re necessary for the induction of the sclerotomal marker
ax-1 (as described in Borycki et al., 1998), and for the
nduction and the maintenance of MyoD (as described in
ownall et al., 1996). We show that in contrast, the induc-
ion and maintenance of the dermomyotomal marker Pax-3
re independent of the presence of axial structures.
Previous studies have shown that paraxial mesoderm
eparated from axial structures at the level of the caudal-
ost segmental plate does not differentiate into a recogniz-
ble dermomyotome and sclerotome 1 day after surgery
Schmidt et al., 1998). When the surgery was done more
ostrally (i.e., roughly at midsegmental plate level), we
bserved 1 day later that the formed somites have matured
ormally into a ventral mesenchyme and a dorsal dermo-
yotome (Fig. 1C). This indicates that differentiation of
araxial mesoderm into a dermomyotomal and a sclero-
omal compartments becomes independent of the presence
f axial structures at midsegmental plate level.
In the Absence of Axial Structures, Shh Is
Sufficient to Support Induction of Pax-1,
but Can Only Maintain MyoD
By separating the paraxial mesenchyme from the neural
tube and notochord, we removed all sources of Shh (Johnson et
al., 1994). To address whether Shh was sufficient to rescue the
absence of Pax-1 and MyoD expression after this surgical
Copyright © 1999 by Academic Press. All rightanipulation, we ectopically expressed Shh in isolated
araxial mesoderm. At the time of the surgery, embryos were
ither at stage 11–12 or at stage 13–14. Cells were injected in
he middle of the segmental plate which will express Pax-1 in
10 h (stage 11–14 embryos) and MyoD in ;10–15 h (when
tage 11 embryos were used) or in ;5 h (stage 14) (Borycki et
l., 1997; Marcelle et al., 1997; our observation).
Regardless of the embryonic stage, all embryos examined
1 day postsurgery exhibited robust Pax-1 expression in the
vicinity of the injected cells (n 5 10; Fig. 2A). In transverse
section, Pax-1 expression was observed in the mesenchyme
located beneath the ectoderm (data not shown). Thus, in
vivo, Shh is able to activate Pax-1 expression regardless of
the presence (Johnson et al., 1994; Borycki et al., 1998) or
absence (this study) of axial structures.
In contrast to Pax-1, MyoD expression could not be
activated by ectopic Shh. When Shh-expressing cells were
injected into the midsegmental plate of stage 11 embryos
(corresponding to a time ;10–15 h prior to the normal
initiation of MyoD), somites exhibited no MyoD expression
1 day postsurgery (n 5 7, Fig. 2B). Shh injections into the
midsegmental plate of stage 13–14 embryos (corresponding
to a time ;4–8 h prior to initiation of MyoD in the somites)
displayed MyoD expression only in a few cells and only in
half of the injected embryos (5/10) 1 day postsurgery (Fig.
2C). This result indicates that Shh cannot induce normal
MyoD expression in paraxial mesoderm.
It is, however, possible that Shh can maintain MyoD
expression. To test this, Shh-expressing cells were injected
into somites which had already initiated MyoD expression
(i.e., at the level of the fifth formed somite of stage 13–14
embryos), and which were subsequently surgically sepa-
rated from axial structures. One day later, robust MyoD
expression was observed around the injected cells in all
embryos (n 5 5; Fig. 2D), suggesting that Shh is sufficient to
maintain MyoD expression in the somites. In sections,
while MyoD expression on the control side of the embryo is
mostly restricted to the medial part of the somite (corre-
sponding to the forming epaxial myotome), its expression
on the experimental side is detected in the medial and
lateral somite (Fig. 2E), indicating that Shh might have
activated MyoD expression in muscle progenitors derived
from the medial and the lateral dermomyotome. Unlike
either MyoD or Pax-1, ectopic expression of Shh had no
apparent effect on Pax-3 (i.e., increase or decrease of expres-
sion level; n 5 6; Fig. 2F).
A Neural Tube/Notochord Signal Regulates Somite
Cell Proliferation
Following separation from axial structures, there is a
striking reduction in somite size 1 day postsurgery on the
experimental compared with the control side of the em-
bryo. In transverse section, the Pax-3-expressing domain in
the dorsal dermomyotome was significantly smaller on the
operated side (the section in Fig. 1C is representative of all
experimental embryos observed 1 day after surgery). In
s of reproduction in any form reserved.
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280 Marcelle, Ahlgren, and Bronner-FraserFIG. 1. Axial structures are required for the onset of Pax-1 and MyoD, but not Pax-3 expression. Paraxial mesoderm of stage 12 (A, C) and
tage 13 (B) embryos was surgically separated from axial structures. Separation was along two-thirds of the segmental plate, plus somites
–IV (A, C). At the time and level of surgery, Pax-1 expression is not yet initiated, while MyoD transcripts are present from somites I onward
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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281Somite Differentiation by Sonic Hedgehogcontrast, the size of the ventral mesenchyme appeared less
affected (Fig. 1C). Thus, separation from axial structures
may result in a selective decrease in cell proliferation of
(Borycki et al., 1997). Pax-3 expression is observed from the rostral
(A, B) or 17 (C) hours, embryos were sacrificed and analyzed for exp
in the region of the surgery (n 5 7; A, arrowhead), indicating that
structure. Similarly, MyoD expression is not observed (n 5 12; B,
expression require contact with axial structures. Pax-3 expression
nset). While the size of somites on the control and operated sides
FIG. 2. Ectopic expression of Shh is sufficient to induce Pax-1, but
of the segmental plate (A, B, C, F) or at the level of somite V (D, E) o
is shown by an arrowhead). Paraxial mesoderm was then surgically
for Pax-1 (A), MyoD (B-E) and Pax-3 (F) expression. Robust Pax-1 ex
(n 5 10; A). When Shh cells were injected into the midsegmental p
normal initiation of MyoD) no MyoD expression was observed 1 d
tage 13–14 embryos (i.e., ;4–8 h prior to MyoD initiation) resul
njection of Shh-expressing cells in somites which have initiated M
esulted in robust MyoD expression around the injected cells 1 day
expression. On sections, MyoD expression on the experimental sid
bright-field image of a transverse section at the level of the dotte
brightly DiI-labeled SHH-expressing cells. Embryos analyzed fo
embryonic stage (n 5 6; F). However, somites located around Shh-e
educed somite size observed away from the injection site. NT, neurgery is reduced in all embryos by roughly half (C, arrowhead), when
ortion of the somite remains relatively unaffected. NT, neural tube; N
Copyright © 1999 by Academic Press. All rightermomyotomal cells. To address this possibility, we com-
ared cell proliferation in somites separated from axial
tructures to that of control embryos.
of the segmental plate upward (unpublished observation). After 7
ion of Pax-1 (A), MyoD (B) and Pax-3 (A, C). Pax-1 is not expressed
duction of its expression is dependent upon the presence of axial
heads), suggesting that the induction and the maintenance of its
s unaffected by the absence of axial structures (n 5 9; A and C,
similar 7 h postsurgery, the size of the dermomyotome 17 h after
maintains MyoD. Shh-expressing cells were injected in the middle
ge 11–12 (A, B, F) and 13–14 (C, D, E) embryos (the site of injection
rated from axial structures. One day later, embryos were analyzed
ion was observed around the injected cells of all injected embryos
f stage 10–11 embryos (corresponding to a time ;10–15 h prior to
stsurgery (n 5 7; B). Shh injection into the midsegmental plate of
a few MyoD-positive cells in 5 of 10 embryos (red arrows in C).
expression (i.e., at the level of somite V of stage 13–14 embryos)
tsurgery (n 5 5; D), indicating that Shh is able to maintain MyoD
etected in the medial and lateral somite (E). E is a composite of a
(in D) and a fluorescent image of the same section showing the
-3 expression displayed normal Pax-3 expression regardless of
ssing cells displayed a close to normal size when compared to the
tube; N, notochord; D, dermomyotome.third
ress
the in
arrow
seem
areonly
f sta
sepa
press
late o
ay po
ted in
yoD
pos
e is d
d linecompared to the control side (C, arrow). In contrast, the ventral
o, notochord.
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283Somite Differentiation by Sonic HedgehogRegulation of cell proliferation during somitogenesis.
Newly formed somites are composed of an outer columnar
epithelium surrounding a lose mesenchyme (for example,
see somite V, Fig. 3A). By comparing the total number of
nuclei (determined by DAPI labeling, not shown) with
those labeled by BrdU, we determined the percentage of
cells in the DNA synthesis phase (S phase) in normal
embryos. Approximately 55% of the cells composing the
outer epithelial layer are in S phase. In contrast, only 30%
of the mesenchymal cells within the somitocoele (which,
together with the ventral epithelium, form the sclerotome;
Huang et al., 1996) are BrdU-positive (Fig. 3C). As the
omites mature, the ventral portion undergoes an epithelial
o mesenchymal transition (for example, see somite XII,
ig. 3A). At this stage, a larger proportion of cells within the
esenchyme of the somiticoele are BrdU-positive; these
ells may reinitiate active DNA synthesis; alternatively, it
s possible that their population doubling rate is signifi-
antly increased. Approximately 60% of cells at this level
re BrdU-positive cells, regardless of their position in the
omite (Fig. 3B).
Cell division in somites separated from axial structures.
e compared the degree of cell proliferation in the somites
f embryos in which the somites were separated from axial
tructures. Six hours postsurgery, a clear decrease in the
umber of BrdU-positive cells was observed on the operated
ide (n 5 9); in fact, some embryos exhibited a near
omplete absence of dividing cells (Fig. 3D). The drop in
rdU immunoreactivity was significant at the rostral end of
he incision; near the caudal end, BrdU uptake was unaf-
ected (Fig. 3D), indicating that the decrease in DNA
ynthesis is not merely trauma-induced. Examination of
ransverse sections revealed that cell division was most
trongly altered in the dorsal and medial portions of the
omite (i.e., the prospective dermomyotome and myotome)
s well as in the core mesenchyme. In contrast, cell prolif-
ration was relatively unaffected in the medioventral por-
ion of the somite and appeared normal in the ectoderm,
ndoderm, and intermediate and lateral plate mesoderm
Figs. 3E–3H). No detectable cell death was noted for the
FIG. 3. A neural tube/notochord signal regulates somite cell proli
embryo labeled In vivo with BrdU for 1 h. Roman numerals indicate
(Ordahl, 1993). At this embryonic stage, somites I–VI are composed
the level of somite VII, the ventral portion of the somite starts unde
portion of the somite remains epithelial at somite XII level. (B, C) P
roughly 55% of cells in the outer epithelium were BrdU-positive (C
the somite matured into a ventral sclerotome and a dorsal dermom
in the inner cell mesenchyme, such that 60% cells are BrdU-positiv
of the segmental plate of stage 12 embryos were separated from ax
1 h. BrdU uptake was determined by whole-mount immunohistoch
(E, F) or Pax-3 (G, H). In D, ectoderm has been removed to expose s
separated from axial structures (arrowheads in D) when compared
In contrast, the medioventral portion of the somite is relatively unaffec
tube.
Copyright © 1999 by Academic Press. All righturation of the experiment (6–7 h), as assessed by staining
f the sections with DAPI, which provides a simple way to
ifferentiate between normal and fractionated apoptotic
uclei (data not shown). These experiments indicate that
xial structures produce a proliferative factor which acts
referentially on the medial and dorsal epithelium of the
omite, as well as the inner somitocoele mesenchyme. The
bservation that BrdU uptake at the caudal end of the
ncision remained unchanged indicates that cell division in
he caudal segmental plate may not be regulated by axial
issues.
Shh in the Notochord Supports Somite
Proliferation
Shh-expressing cells were injected into the paraxial me-
soderm before surgical isolation from axial structure. This
resulted in complete rescue, with somites developing to
near normal size 1 day postsurgery. This is visible by
morphological examination in ovo as well as by comparing
Pax-3 expression on the injected and control sides (Fig. 2E).
This result suggests that Shh may rescue somite cell
proliferation after separation from axial tissues. To test this
possibility, we injected Shh-producing cells into the
paraxial mesoderm, isolated it from axial structures, and
examined cell division 6 h later using whole-mount BrdU
labeling (n 5 8). In seven of eight embryos, somites in the
vicinity of the Shh cell injection site displayed increased
BrdU labeling, when compared to those rostral and caudal
to the site of injection (Fig. 4A). This observation suggests
that Shh can act as a proliferation factor for somites. In only
one embryo did the amount of BrdU labeling appear un-
changed.
Both the notochord and floor plate synthesize Shh in the
embryo. To test whether the notochord alone is sufficient
to sustain somite cell proliferation, we ablated the neural
tube at the level of somites I–V (Fig. 4B). Six hours later,
embryos were exposed to BrdU, fixed, and stained with a
BrdU-specific antibody. No statistically significant differ-
ence in somite cell proliferation was observed in the region
on. (A) Bright-field image of a sagittal section through a 13-somite
ite numbers. For instance, V indicate the fifth newly formed somite
n outer columnar epithelium surrounding a lose mesenchyme. At
g an epithelium-mesenchyme transition, such that only the dorsal
ssion of BrdU labeling during somite maturation. In early somites,
e inner mesenchyme displayed less (30%) BrdU-positive cells. As
e (somite XII in B), we observed an sharp increase of BrdU uptake
gardless of their position in the somite. (D–H) Somites I–V and 1/3
tructures. After 6 h, embryos were exposed to a BrdU solution for
try (D) or on sections (E–H) after in situ hybridization with MyoD
es. A sharp drop in BrdU uptake (D, F, H) was observed in somites
mites on the control side and rostral to the surgery (arrows in D).ferati
som
of a
rgoin
rogre
). Th
yotom
e, re
ial s
emis
omit
to soted (arrows in F and H). Ec, ectoderm; En, endoderm; NT, neural
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284 Marcelle, Ahlgren, and Bronner-FraserFIG. 4. Shh in the notochord is a proliferative factor for somites and neural tube. (A) Shh-producing cells were injected at the level of somites
II–III of stage 12 embryos. Somites I–VI and one-third of the segmental plate were then separated from axial structures. Six hours after surgery,
we observed that Shh-producing cells rescued BrdU uptake around the injected cells in 7/8 embryos (black arrowheads), when compared to
somites located rostral and caudal to the site of injection (white arrowheads). (B) Neural tubes of stage 12 embryos were removed at the level of
somites I–V (n 5 5). Six hours later, embryos were exposed to a BrdU solution for 1 h. After fixation and sectioning, they were analyzed for BrdU
mmunoreactivity. Cell counting of BrdU-positive cells was performed for 10 sections randomly chosen in the region of the surgery and compared
o 10 sections chosen outside of this region. Results per section were: neural tube ablated: 42 6 5 dividing cells in the dermomyotome; 88 6 11
n the sclerotome. Neural tube intact: 42 6 8 in the dermomyotome; 92 6 18 in the sclerotome. These results are not statistically different and
indicate that BrdU uptake by somitic cells in the region of the surgery (detected as brown nuclei after horse radish peroxidase/DAB enzymatic
reaction) is unaffected (compare also Fig. 4B to Figs. 4C, 3F, and 3H); this suggests that notochord can maintain a normal somite proliferation.
(C, D) Stage 12 embryos were explanted into culture medium supplemented with concentrated control (QCPN anti quail) antibody (n 5 5; C) or
locking anti Shh (5E1) antibody (n 5 5; D). After 6 h, they were exposed to a solution of BrdU for 1 h, fixed, and analyzed for BrdU uptake. When
ompared to control antibody, embryos cultured in the presence of the blocking anti-Shh antibody displayed a decrease in BrdU-positive cells
oth in the somites and in the neural tube. To verify this, we analyzed the number of BrdU-positive cells in control and experimental embryos:
0 sections of embryos treated with anti-QCPN antibody (sections chosen in any of the 5 control embryos) were compared to 10 sections of
mbryos treated with anti-Shh antibody (sections chosen in any of the five experimental embryos). BrdU-positive cells present in 1 section of a
omite (dermomyotome 1 sclerotome) or of a neural tube were compared between the two groups. Results were as follows: control embryos,
rdU-positive cells per somite: 71 6 11; per neural tube, 114 6 19. Experimental embryos, BrdU-positive cells per somite: 49 6 9; per neural tube,
90 6 18. Results are significantly different (P 5 0.001), indicating that anti-Shh blocking antibody significantly reduces the cell proliferation of
somites (by 31%) and neural tube (by 22%). Note that the secondary antibody used in this reaction recognized not only the anti-BrdU primary
antibody, but also the Shh-specific antibody fixed to the notochord and floor plate in D. D, dermomyotome; S, sclerotome; No, notochord; NT,
neural tube.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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285Somite Differentiation by Sonic Hedgehogof the incision, when compared to somites located rostral
and caudal to the operation. This supports the hypothesis
that, in vivo, Shh from the notochord and possibly the floor
late acts as a proliferative factor for the somite.
To further test the possible function of Shh in somitic
cell proliferation, we specifically blocked its signaling using
antibody-mediated inhibition. Stage 12 embryos were ex-
planted in a transfilter culture system in medium to which
either concentrated control antibody (Fig. 4C) or blocking
anti-Shh (Ericson et al., 1996; Fig. 4D) was added. Six hours
later, embryos were exposed to BrdU, fixed, and stained
with anti-BrdU antibody. By counting the number of BrdU-
positive cells on sections of anti-Shh antibody-treated (n 5
5) versus control (n 5 5) embryos, we determined that
treatment with anti-Shh antibody resulted in a marked
reduction of dividing cells in both the somites and the
neural tube in all examined embryos (see Figure legend).
This confirms that Shh can act as a proliferative factor for
somitic as well as for neural tube cells.
DISCUSSION
Our results clearly show that somitic cells depend upon
Shh for their proliferation. Separation of somites from
sources of Shh induces a sharp drop in DNA synthesis of
somitic cells in as little as 6 h. This effect can be mimicked
by blocking Shh signaling in vivo with a Shh-specific
antibody. Ectopic Shh expression completely rescues nor-
mal somite proliferation after separation of somites from
axial structures. An unexpected result from this study is the
observation that the different somitic cells types are not
equally sensitive to Shh proliferative activity, since prolif-
eration of ventral-most sclerotomal cells is minimally af-
fected by the absence of Shh after separation from axial
structures. On the other hand, these cells are highly depen-
dent on the presence of Shh to initiate the expression of
Pax-1. This indicates that Shh could have various functions
on different somite cells populations. Shh activity is medi-
ated by its putative receptors Patched and Smoothened and
their downstream effector Gli. Patched- and Gli-expressing
tissues are thought to respond to Shh activity (Marigo et al.,
1996). In the early formed somites examined in the present
study, Gli is expressed in the ventral somite, while Gli2/4 is
found in the entire somite (Borycki et al., 1998). It is
possible that the different activities of Shh demonstrated in
the present study are due to various combinations of the
Shh effectors: tissues expressing Gli and Gli2/4 may re-
spond to Shh by activating Pax-1 expression, whereas those
expressing Gli2/4 respond by proliferating.
Recently, another paper from Teillet et al. (1998) demon-
strated that Shh can prevent somite cell death and promote
muscle and vertebrae organogenesis. Together, our short-
term approaches and their long-term approaches demon-
strate new functions for Shh in somite cell proliferation and
survival. Furthermore, the observation that Shh is mito-
genic for murine presomitic mesoderm in vitro (Fan et al.,
t
a
Copyright © 1999 by Academic Press. All right995), avian limb bud myogenic precursors (Duprez et al.,
998) and neural tube cells (this study) indicates that Shh
ight act as a proliferative agent on a variety of tissues.
Other tissues might also be important for somite prolif-
ration. Recently, it was shown that, although newly
ormed somites do not seem to depend upon ectoderm for
heir survival (Schmidt et al., 1998), dermomyotome prolif-
ration of “older” somites (i.e., trunk somites of E4 em-
ryos), is maintained by a signal emanating from the
ctoderm (Amthor et al., 1999). It is therefore possible that
hh and the ectoderm act sequentially to regulate the
roliferation of the various compartments of the differenti-
ting somite.
Previous studies have shown that removal of notochord
nd neural tube results in embryos with no epaxial muscle
asses (which originate from the medial dermomyotome) a
ew days after surgery, while hypaxial muscles (originating
rom the lateral dermomyotome) are present though some-
hat reduced in size (Teillet and Le Douarin, 1983; Rong et
l., 1992). Together with the demonstration that hypaxial
nd epaxial muscles derive from a distinct cell population
ithin Hensen’s node (Selleck and Stern, 1991), this has led
o the idea that the lateral somite is not sensitive to signals
ecreted by axial structures (Rong et al., 1992). The results
resented here indicate that this is not the case since the
ntire dermomyotome appears to rely on axial structures
or its proliferation. The close to normal differentiation of
ypaxial muscle when Shh sources are removed could
ndicate that (1) proliferative factors secreted by lateral
late and/or intermediate mesoderm can compensate for
he loss of Shh proliferative activity or (2) that migration of
uscle progenitors away from the somite enables them to
nter into a more mitotically favorable environment where
hey can proliferate and differentiate normally. We favor
he second hypothesis since we observed that in the ab-
ence of axial structures, even though cell division in the
ermomyotome is greatly impaired, the migration of hy-
axial muscle precursors from the lateral somite seems to
ake place normally (not shown). Furthermore, proliferation
f lateral plate mesoderm through which hypaxial muscle
rogenitors migrate appears unaffected by the separation
rom axial structures (Figs. 3E–3H), indicating that factors
hich regulate its proliferation are distinct and indepen-
ent from those that regulate paraxial mesoderm. It is
ossible that BMP-4 might play a role in this process, since
1) it was recently shown to act as a proliferative agent on
ax-3-positive muscle progenitors (Amthor et al., 1999) and
2) it is highly expressed in the lateral plate mesoderm and
n the early limb bud mesenchyme through which hypaxial
uscle progenitors migrate.
Our paper readdresses the role of Shh in Pax-1, MyoD,
nd Pax-3 induction. Shh has been thought to act as an
nducing molecule for sclerotome, myotome, and dermo-
yotome, whether alone or in combination with other
ecreted factors. This view was challenged by the observa-
ion that Shh-null mice display expression of Pax-1, Myf-5,
nd Pax-3 expression, indicating that Shh is not required for
s of reproduction in any form reserved.
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and Myf-5 is transient; by E11.5, their expression is greatly
reduced or absent. This observation suggests that Shh may
act to maintain and/or expand the population of Pax-1- and
Shh-positive cells. Our results confirm that Shh is suffi-
cient for the rescue of Pax-1-expression in the sclerotomal
compartment of the somite in the absence of axial struc-
tures (as described in Borycki et al., 1998) and suggest that
Shh plays a crucial role in the induction of Pax-1 expres-
sion. However, our experiments do not address the possi-
bility that Shh might serve to expand a population of
Pax-1-positive cells induced by other factor(s). In vitro,
small but reproducible induction of Pax-1 is achieved by
addition of the BMP-inhibiting molecule Noggin to seg-
mental plate explants; this induction is not sensitive to the
addition of anti-Shh antibody (C. Ming Fan, personal com-
munication). Together with the observation that Noggin
knock-out mice (unlike the Shh knock-out) do not express
Pax-1 (McMahon et al., 1998), this indicates that Noggin
could act as an initial inducer of Pax-1 expression.
Ectopic expression of Shh in the paraxial mesoderm of
intact embryos leads to a dramatic reduction in Pax-3
(Johnson et al., 1994; our observation) and an increase of
MyoD expression (Johnson et al., 1994; Marcelle et al.,
1997). However, careful examination of the somites in
these embryos reveals that the expansion of the MyoD
domain was at the expense of the dermomyotome, resulting
in a MyoD-positive dermomyotome (Marcelle et al., 1997).
In fact, it was not uncommon to observe bottle-shaped,
elongated demomyotomal cells apparently undergoing ter-
minal myogenic differentiation, as judged by their expres-
sion of MyoD (Marcelle et al., 1997; unpublished observa-
tions). Therefore, it is likely that the reduction of Pax-3
expression under these experimental conditions is due to an
acceleration of dermomyotomal cell differentiation toward
the myogenic program rather than to active inhibition of
Pax-3 expression. The present study complements those
mentioned above and provides evidence that exposure of
dermomyotomal progenitor cells to Shh has little or no
effect on their myogenic differentiation, unless it is accom-
panied by additional factor(s) present in the neural tube.
Previous studies (Mu¨nsterberg et al., 1995; Stern et al.,
1995) suggest that such factors could belong to the Wnt
family.
Our results demonstrate that Shh is sufficient for main-
tenance of MyoD expression, but is not able to induce
normal MyoD expression under the same experimental
conditions that result in robust Pax-1 expression. As meso-
dermal cells within the segmental plate mature, their
competence to respond to Shh apparently changes, account-
ing for our observation that a few somitic cells initiate
MyoD expression in the presence of Shh-expressing cells
5 h prior to normal initiation of MyoD. The observation
that myogenic differentiation can be observed after addition
of Wnt-1 to mesoderm explants in culture (Stern et al.,
1995; Chen-Ming Fan, personal communication) indicates
that Wnt family members might initiate the first steps of
Copyright © 1999 by Academic Press. All rightmyogenesis and supports the data presented here that Shh
might act in vivo as a maintenance and proliferation factor
for muscle progenitor cells.
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